The UL20 open reading frame is positionally conserved in different alphaherpesvirus genomes and is predicted to encode an integral membrane protein. A previously described UL20
Pseudorabies virus (PrV; Suid herpesvirus 1) is the causative agent of Aujeszky's disease in pigs but is also highly pathogenic for most other mammals except higher primates and humans (25, 37) . PrV belongs to the herpesvirus subfamily Alphaherpesvirinae (28) , which encompasses important pathogens, including human herpes simplex virus types 1 and 2 (HSV-1 and HSV-2), varicella-zoster virus (VZV), bovine herpesvirus 1 (BHV-1), equine herpesvirus 1 (EHV-1), Marek's disease virus, and infectious laryngotracheitis virus. The doublestranded DNA genome of PrV is approximately 150 kbp in size and consists of a unique long (U L ) region and an invertible unique short (U S ) region, which is flanked by inverted repeat sequences (7) . Although the PrV genome has not yet been sequenced completely, available data indicate that gene arrangement within the PrV genome is largely collinear to that found in the completely sequenced alphaherpesvirus genomes of HSV-1 (24) , VZV (10), EHV-1 (31) , and BHV-1 (30) with the exception of a large inversion in the U L region (6, 13) encompassing the UL27 to UL44 genes. Compared to the prototypic genome isomer of HSV-1, which possesses an invertible U L region, the PrV U L genome region was found in opposite orientation, as were the U L regions of EHV-1 and BHV-1.
Several years ago, we and others (12, 20) determined the nucleotide sequence of the PrV homologs of the UL20 and UL21 genes of HSV-1 (24) which were detected in a similar arrangement, followed by a putative origin of DNA replication (20) , and the gH gene (19, 21) . The UL20 and UL21 open reading frames (ORFs) are positionally conserved in other alphaherpesvirus genomes, as in VZV, EHV-1, and BHV-1 (10, 31, 33) . The UL21 gene of PrV was previously shown to encode a nonessential capsid protein, whose absence impairs the efficiency of cleavage and encapsidation of newly synthesized viral DNA (12) and strongly reduces the in vivo virulence of PrV (22) . The UL21 gene of HSV-1 was also shown to encode a virion protein, which is dispensable for virus propagation in vitro (4) . In contrast, first attempts to delete the HSV-1 UL20 gene failed when performed in baby hamster kidney cells (23) . Further experiments using human 143TK Ϫ cells succeeded in isolation of a UL20
Ϫ HSV-1 recombinant (3). These results indicated a cell-type-dependent relevance of HSV-1 UL20 for viral replication, which was confirmed by propagation of UL20 Ϫ HSV-1 on different cell lines (3). Electron microscopy of nonpermissive Vero cells infected with UL20
Ϫ HSV-1 revealed a defect in egress of enveloped virions from the perinuclear cisterna, resulting in an accumulation of virions in the perinuclear space (1, 3) . The UL20 gene product of HSV-1 was reported to represent a presumably nonglycosylated membrane protein, which is present in nuclear membranes and Golgi vesicles of infected cells, as well as in the envelope of purified virions (34) . Although the overall homology of the HSV-1 protein to the predicted 161-amino-acid UL20 gene product of PrV amounts to only 33% of identical residues (20) , the presence of multiple clusters of hydrophobic amino acids in both the HSV-1 (23) and PrV proteins indicates that the PrV UL20 protein might also be an intrinsic membrane constituent.
To assess whether UL20 function in a different alphaherpesvirus is identical to that found in HSV-1, we constructed and analyzed a UL20 Ϫ PrV mutant. For inactivation of the PrV UL20 gene, a 3,791-bp BamHI-SalI subfragment of genomic BamHI fragment 4 containing the PrV UL20 and UL21 genes (Fig. 1C) was cloned into plasmid TN-77 (5) to obtain plasmid pBS3.8. After removal of the original BamHI site by fill-in reaction with Klenow polymerase and religation, a novel BamHI site was created at codon 42 of the UL20 gene by PmlI digestion and linker addition. Into this site, a 3,493-bp SalI-BamHI fragment encompassing a lacZ expression cassette (26) was inserted in parallel to the UL20 ORF by ligation of the compatible BamHI sites, blunt ending of the noncompatible sites with Klenow polymerase, and ligation (Fig. 1C) . Although this mutation does not prevent expression of the 5Ј-terminal part of the PrV UL20 gene, the resulting polypeptide, if stable at all, should hardly be functional since it lacks three-fourths of the original protein including the predicted membrane-spanning sequences (Fig. 1C) . The resulting plasmid, pBS3.8Z, was cotransfected by calcium phosphate coprecipitation (16) with genomic DNA of PrV wild-type strain Ka (18) into Vero and VneoB4 cells. Vero-derived cell line VneoB4 (22) is stably transfected with a PrV genome fragment spanning the UL18 to UL21 ORFs (Fig. 1B) . Virus progeny was screened for expected PrV recombinants by blue plaque assay (26) on VneoB4 cells. After cotransfection of normal Vero cells, no PrV recombinants could be isolated from progeny virus. In contrast, after cotransfection of VneoB4 cells, lacZ-expressing PrV recombinants could be detected and further plaque purified. VneoB4 cells complement PrV UL21 mutants in trans (22) . As demonstrated here, mutation of the viral UL20 gene is also compensated in trans on this cell line, indicating that both the PrV UL20 and UL21 genes in cell line VneoB4 are functionally expressed after PrV infection. Since propagation of the PrV UL20 mutants on transcomplementing cells bears the risk of spontaneous rescue of the authentic viral UL20 gene by homologous recombination between viral and cellular DNA, the PrV UL20 Ϫ mutants were further plaque purified and propagated on noncomplementing MDBK cells, which supported replication of mutant virus reasonably well (see below). A randomly selected lacZ-expressing plaque isolate was further characterized and designated PrV ⌬UL20Z. In order to generate an isogenic UL20 rescue mutant, virion DNA of PrV ⌬UL20Z was cotransfected into normal Vero cells together with the cloned 3.8-kbp BamHI-SalI fragment of wild-type PrV DNA (Fig. 1C) . Plaque assays of virus progeny were again performed on Vero cells, and wild-type-sized colorless PrV plaques were isolated after Bluo-Gal agarose overlay. A single plaque isolate, designated PrV UL20R, was further analyzed.
To ascertain the correct genotype of the UL20 Ϫ and UL20 rescue mutants, virion DNA of PrV ⌬UL20Z and UL20R was compared to wild-type PrV DNA by BamHI restriction analysis and Southern blot hybridization. As a consequence of an additional BamHI site introduced at the 3Ј end of the lacZ insertion within the UL20 gene (Fig. 1C) , the PrV ⌬UL20Z genome showed two novel 6.1-and 6.8-kbp BamHI fragments instead of the 9.4-kbp BamHI fragment 4 of wild-type PrV. In the UL20 rescue mutant, PrV UL20R, the wild-type genomic BamHI fragment 4 was restored. Neither of the PrV mutants exhibited other than the expected alterations of the BamHI restriction patterns compared to wild-type PrV DNA (data not shown).
The in vitro phenotype of HSV-1 UL20 mutants is highly cell type dependent (3). To investigate whether this is also true for UL20 Ϫ PrV, plaque assays on Vero, VneoB4, porcine (PSEK) and bovine (MDBK) kidney, and human 143TK
Ϫ cells were performed. On most of these cell lines, PrV ⌬UL20Z produced only very small plaques, which could be clearly detected only by X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) staining. To permit a similar staining of the wild-type control virus, PrV-1112 (26) , which carries the lacZ gene within the nonessential glycoprotein G gene locus (Fig. 1A) and exhibits no growth defect in vitro or in vivo compared to wild-type PrV, was used (2, 27) . Serial dilutions of PrV-1112 and PrV ⌬UL20Z were plated in parallel onto cell monolayers, and cells were overlaid with medium containing 0.8% methylcellulose. After incubation for 3 days at 37°C, the cells were fixed and stained with X-Gal (29) . Diameters of 30 randomly selected plaques per virus and cell line were measured microscopically, and average plaque sizes as well as standard deviations were determined (Fig. 2, upper panel) . In addition to plaque diameters, the relative sizes of PrV ⌬UL20Z plaques compared to that of PrV-1112 were calculated for each cell line (Fig. 2,  lower panel) . On Vero cells, plaque diameters of PrV ⌬UL20Z amounted to only 11% of the wild-type size, indicating that mutation of the UL20 gene impairs cell-to-cell spread of PrV. This defect was complemented in trans on Vero cell line VneoB4, which harbors the intact UL20 gene. In these cells, plaque diameters of PrV ⌬UL20Z were restored to more than 84% of the wild-type size. Significant growth deficiencies of UL20 Ϫ PrV were also detected on other noncomplementing cells, but to a lesser extent. On noncomplementing cells, the largest plaques of PrV ⌬UL20Z were produced on MDBK cells. However, the smallest relative difference in plaque size of UL20
Ϫ PrV compared to wild-type PrV was observed on human 143TK
Ϫ cells (Fig. 2, lower panel) . Remarkably, this is the cell line used for successful isolation of UL20 Ϫ HSV-1 mutants (3). Plaque sizes of the UL20 rescue mutant PrV UL20R were similar to that of wild type or PrV-1112 on complementing as well as on noncomplementing cell lines (data not shown).
In addition, one-step growth kinetics of PrV ⌬UL20Z, PrV UL20R, and wild-type PrV were compared on Vero and VneoB4 cells (Fig. 3) . The cells were infected at a multiplicity of infection (MOI) of 5. After 1 h at 4°C, prewarmed medium was added, and the cells were further incubated for 1 h at 37°C to allow virus penetration. After this time, the inoculum was removed, remaining extracellular virus was inactivated by low pH, and cells were overlaid with fresh medium. Immediately thereafter, and after 4, 8, 12, 24, 36 , and 48 h of incubation at 37°C, adherent cells were scraped into the medium. Cells were then separated from released virions by centrifugation for 10 min at 2,500 ϫ g, resuspended in the same volume of fresh medium, and subjected to one freezing (Ϫ70°C) and thawing (37°C) cycle. Plaque assays of both intracellular and released virions were performed on complementing VneoB4 cells to provide equal growth conditions for wild-type and mutant virus. Infectious progeny virus was first detected 8 h after infection of either cell line with the wild type or with PrV ⌬UL20Z, indicating that virus entry and replication are not significantly impaired in the absence of the UL20 gene product. Increasing amounts of cell-associated infectivity were found in Vero and VneoB4 cells (Fig. 3A and C) up to 12 h after infection. In contrast, maximum titers of released virions in the medium ( Fig. 3B and D) were not observed before 24 to 36 h postinfection. Whereas the overall time course of virus propagation in Vero cells infected with either wild-type or UL20
Ϫ PrV appears similar, final titers diverge significantly ( Fig. 3A and  B) . Compared to wild-type PrV, maximum intracellular titers of PrV ⌬UL20Z were decreased approximately 10-fold, whereas infectivity in the supernatant showed an approximately 100-fold reduction. Wild-type-like titers of both intracellular and extracellular virus were obtained after restoration of the UL20 gene in PrV UL20R propagated on Vero cells (Fig. 3A and B) , as well as by propagation of PrV ⌬UL20Z on cell line VneoB4 (Fig. 3C and D) .
Taken together, the data obtained from plaque assays and Ϫ cells were infected with either PrV ⌬UL20Z or PrV-1112 under plaque assay conditions. Three days after infection, the average diameters of 30 X-Galstained plaques per virus and cell line were determined (bars). Standard deviations are indicated by vertical lines. The relative sizes of PrV ⌬UL20Z versus PrV-1112 plaques are indicated below (%).
FIG. 3. One-step growth curves of UL20
Ϫ PrV. Vero and VneoB4 cells were infected with either wild-type PrV (WT), PrV recombinant ⌬UL20Z, or rescue mutant UL20R at an MOI of 5 for 1 h at 4°C. After an additional hour at 37°C, nonpenetrated virus was inactivated by low-pH treatment. Immediately thereafter, and after indicated periods of incubation at 37°C, cells and supernatants were harvested separately, and progeny virus titers were determined on VneoB4 cells.
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on October 29, 2017 by guest http://jvi.asm.org/ one-step growth kinetics point to an impairment of cell-to-cell spread and release of UL20 Ϫ PrV, which can be compensated for by the intact UL20 gene in trans. It appears unlikely that the defects of PrV ⌬UL20Z are caused by mutations other than the inactivation of the UL20 gene, since the affected ORF does not overlap with any other known viral gene and is presumably expressed from a monocistronic mRNA (20) . Furthermore, PrV ⌬UL20Z could be rescued in cis to a wild-type-like phenotype with a cloned DNA fragment which contains the intact PrV UL20 gene flanked only by the 5Ј-terminal part of UL19 and the UL21 ORF (Fig. 1C) . Both PrV UL19 and UL21 encode viral capsid proteins (12, 20) which are involved in intranuclear capsid formation. Electron microscopic studies (see below) of noncomplementing Vero cells infected with PrV ⌬UL20Z, however, did not reveal any impairment of nucleocapsid assembly.
Macroscopically, the egress defect of UL20 Ϫ PrV on Vero cells was found to be similar, although less striking, than that of a UL20
Ϫ HSV-1 mutant on the same cell line (3). Similar to the HSV-1 mutant, plaque formation of PrV ⌬UL20Z was also impaired to a different extent on various noncomplementing cell lines. Remarkably, the effect of both HSV and PrV UL20 mutations was most pronounced in Vero cells and least in human 143TK
Ϫ cells. In HSV-1, this finding correlates with a fragmentation of the Golgi apparatus observed at late times after infection of Vero cells but not of 143TK Ϫ cells (9) . Therefore, it was concluded that the HSV-1 UL20 protein compensates for the disruption of the cellular exocytosis pathway and thereby permits viral egress (1). PrV might influence host cell organization in a similar manner, which could explain the observation that at early times after infection (up to 12 h) PrV ⌬UL20Z was released from Vero cells nearly as efficiently as wild-type PrV.
Ultrastructural studies were performed to pinpoint the defect in maturation and egress of UL20 Ϫ PrV. To this end, Vero and VneoB4 cells were infected with either wild-type PrV or PrV ⌬UL20Z at an MOI of 5 and incubated at 37°C for 14 h. This was the earliest time after infection at which the UL20 Ϫ mutant exhibited a pronounced replication defect (Fig. 3) . Ultrathin sections of fixed cells were prepared as described previously (14) and examined with a transmission electron microscope (EM400T; Philips, Eindhoven, The Netherlands). Wild-type PrV-infected Vero or VneoB4 cells (data not shown) showed typical stages of herpesvirus maturation, including the assembly of nucleocapsids in the nucleus, primary envelopment at the inner nuclear membrane, secondary envelopment of intracytoplasmic nucleocapsids in the Golgi region, and release of enveloped virions from the cells (17) . Maturation of PrV ⌬UL20Z was found to be similar to that of wildtype PrV in transcomplementing VneoB4 cells (Fig. 4) . Budding of cytoplasmic virions into vesicles (Fig. 4C, arrowheads and insets) was observed, and enveloped particles were released efficiently from the cells (Fig. 4A and B) . In normal Vero cells infected with PrV ⌬UL20Z (Fig. 5) , the nuclear stages of virus maturation as well as transit through the nuclear membrane were not affected ( Fig. 5A and B) , and budding of nucleocapsids into cytoplasmic vesicles was detected frequently (Fig. 5C, arrows and insets) . These vesicles were presumably derived from the Golgi apparatus, since they were clearly separated from nuclear membranes and located adjacent to Golgi cisternae (Fig. 5A) (17) . The membrane projections of the budding virions (Fig. 5C, arrowheads in insets) , which probably represent viral glycoproteins, are typical for secondary envelopes acquired during budding into vesicles in the trans-Golgi area (17) . In contrast to the situation in complementing cells, however, enveloped particles of UL20 Ϫ PrV apparently accumulated in these vesicles, leading to an enlargement of the vacuoles (Fig. 5) , and only very few extracellular virions were detectable.
To quantify the observed differences, virus particles localized in distinct compartments of either Vero or VneoB4 cells infected with PrV ⌬UL20Z were counted in randomly selected electron micrographs of 10 cells each and the subcellular distribution of virions was determined (Table 1 ). In both cell types, nearly 50% of the virus particles were found in the nuclei, but only a few of them were localized in the perinuclear space. The proportion of naked PrV ⌬UL20Z nucleocapsids appeared to be slightly increased in the cytoplasm of Vero cells. However, the most striking observation was an approximately 10-fold increase in the proportion of enveloped particles found within cytoplasmic vesicles. This correlates with a decrease in the number of detectable extracellular virions. Ultrastructural analyses at different time points after infection (data not shown) indicated that intracellular virion maturation of UL20 Ϫ PrV did not differ significantly between Vero and VneoB4 cells up to 8 h after infection, which correlates with the results from replication kinetics (Fig. 3) . The data also show that all stages of virion maturation are detectable at the chosen time point of 14 h after infection. Only cells which demonstrated no gross destructive changes in cell morphology were analyzed (Fig. 4 and 5 ). These findings demonstrate that morphogenesis of UL20 Ϫ PrV virions proceeds past the secondary envelopment stage and is blocked prior to exocytosis of enveloped intravesicular virions. Thus, PrV UL20 protein appears to function in a different cellular compartment compared to HSV-1 UL20.
Taken together, our results indicate that in the absence of functional UL20 gene product of PrV a very late step of virus egress, presumably transport of secondary enveloped virions to the cell surface, is severely impaired. This finding clearly differs from observations of UL20 Ϫ HSV-1, which was shown to be retained after primary envelopment in the perinuclear space a Numbers of virus particles present in the different compartments of UL20 Ϫ PrV-infected Vero and VneoB4 cells were determined. Particles were counted in electron micrographs of 10 randomly selected cells of each line. The average particle numbers in each compartment and the relative abundance compared to total number of particles (% of particles per cell) were determined. between the inner and outer nuclear membranes of Vero cells (1, 3) . The different blocks in egress of HSV-1 and PrV UL20 gene mutants might be explained by distinct functions of the UL20 proteins, correlating with their limited degree of amino acid sequence conservation, amounting to only 33% (20) .
The differences between the intracellular phenotypes of the UL20 mutants could also be due to generally different pathways of egress in HSV and PrV. Egress of HSV-1 is proposed to occur by envelopment at the inner nuclear membrane followed by transit of enveloped virions through the endoplasmatic reticulum and the Golgi apparatus, where envelope glycoproteins are processed to their mature forms (32) . The occasional appearance of naked nucleocapsids in the cytoplasm of infected cells was considered to be accidental (8) . In contrast, studies with PrV (17, 35, 36) and VZV (15) indicated that the release of nucleocapsids from the outer nuclear membrane or from the endoplasmic reticulum to the cytoplasm is a general step of viral egress, followed by secondary envelopment in the trans-Golgi region. Recently, we characterized a PrV mutant which is impaired in secondary envelopment, leading to an accumulation of naked nucleocapsids in the Golgi region of infected Vero cells (14) . This defect is caused by the deletion of the viral UL3.5 gene (11) and could be complemented in trans on a PrV UL3.5-expressing Vero cell line. Remarkably, the UL3.5 gene is not conserved in the genome of HSV-1 (24), correlating with the described differences in virion maturation. Egress of the PrV UL20 mutant described in the present study appears impaired after secondary envelopment in the trans-Golgi region has occurred. From our findings, we conclude that the UL20 gene product of PrV is required for release of terminally enveloped virions from cells, in which the natural exocytosis pathways are disrupted. Thus, assuming that HSV-1 acquires its immature but final envelope already at the inner nuclear membrane (32), PrV and HSV-1 UL20 functions could be considered to be similar in that they play a role in transcellular transport of enveloped virions. However, both act in different intracellular compartments.
Besides affecting exocytosis of virus particles, HSV-1 UL20 was also shown to contribute to transport and processing of viral glycoproteins (1) . Preliminary analyses revealed no obvious alterations in content and maturation of viral glycoproteins in cells infected with PrV ⌬UL20Z compared to wild-type PrV (data not shown). However, more detailed studies are required to analyze the subcellular distribution of viral glycoproteins as well as their maturation grade in virion envelopes of UL20 Ϫ PrV.
At present, the molecular mechanism of UL20 function is unclear, and localization of the PrV UL20 protein has failed up to now due to a lack of proper immunological reagents. However, our experimental system consisting of defined PrV mutants impaired at different stages of virion maturation provides a promising basis for a more detailed understanding of the complex process of herpesvirus egress.
